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ABSTRACT
Diesel oxidation catalytic converters (DOCs) offer a promising solution to reduce diesel 
exhaust pollutants. In order to improve the thermal management in DOCs, active flow 
control strategies have been introduced for several years. However, the performance of 
DOCs needs to be verified by modeling simulations and experimental studies prior to 
application of these strategies.
In this thesis, a series of modulated dynamic models were developed using Simulink® to 
better understand the heat transfer mechanisms of a catalyst. The simulation results were 
validated by the reference experimental data collected in the Clean Diesel Engine 
Laboratory (CDL) at the University of Windsor. The potential of the active flow control 
in DOCs was demonstrated, because a better thermal management realized by active flow 
scheme leads to more energy efficient diesel after-treatment. The United States and the 
Japanese diesel emission test cycles engine data were also used to verify the developed 
thermal models.
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Diesel engines commonly have 25-40 percent higher energy efficiency than gasoline 
engines [Nakamura et al., 1991] because of the high compression ratio, overall lean bum, 
and un-throttled operating characteristics. These potentially make the diesel engines 
greener than their gasoline counterparts. Therefore, the application of diesel engines has 
seen a rapid increase worldwide especially in Western Europe where approximately 44 
percent of the new cars are powered by diesel engines [IFP, 2005]. In North America, 
where diesel engines are typically used in heavy-duty vehicles, the heavy-duty truck and 
bus diesel engines are facing the challenge of meeting the stringent emission standards 
due to take effect in 2007 [EPA, 2002b].
Diesel engines convert the chemical energy contained in the fuel into mechanical power. 
Diesel fuel is injected under pressure into the engine cylinder where it mixes with air and 
where the combustion occurs. The exhaust gases, which are discharged from the engine, 
contain several constituents, in which carbon monoxide (CO) is generated by all 
combustion complete or incomplete and hydrocarbons (HC) are generated in the exhaust 
as the result of incomplete combustion of fuel [Elliott, 1949]. It is well known that CO 
and HC are harmful to human health and to the environment. CO in the ambient 
atmosphere can cause headache, dizziness and lethargy. HC cause eye irritation and 
choking sensations. Additionally, HC are major contributors to the characteristic diesel
1
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smell and also have negative environmental effects, being an important component of 
smog [EPA, 2002a]. Another diesel emission, particulate matter (PM), is a complex 
aggregate of solid and liquid material. PM includes two main fractions: solid dry carbon 
particles, commonly known as soot; and soluble organic fraction (SOF), heavy 
hydrocarbons adsorbed and condensed on the carbon particles [Heywood, 1988]. It is 
well known that short-term exposure to PM can cause irritation, and long-term exposure 
to it may increase the risk of lung cancer [EPA, 2002a]. Therefore, the United States 
Environmental Protection Agency (EPA) has formulated stringent diesel emission 
standards, which require reduction of more than 90 percent in HC and PM emissions 
compared to the standards in 2002 [EPA, 2002b].
Several strategies are being pursued to make existing diesel engines cleaner. In addition 
to efforts to optimize the fuel and air intake systems, after-treatment devices such as 
diesel oxidation catalysts (DOCs), offer ways to reduce harmful diesel emissions by 
converting exhaust pollutants including CO, HC, and SOF to less-harmful products i.e. 
carbon dioxide (CO2) and water through reactions with O2 [Heck and Farrauto, 1995]. 
The concentration of O2 in the exhaust gases from diesel engine varies between 3% and 
17%, depending on the engine load [Heywood, 1988], sufficient for the above-mentioned 
reactions. Catalysts, such as platinum and rhodium, are coated on the substrate of DOCs 
and used to speed up those oxidation reactions. The catalyst activity increases with the 
substrate temperature [Zheng and Reader, 2004], which is the decisive factor in the 
thermal process of a DOC. In order to improve the DOCs’ performance with higher 
conversion efficiency, it is essential to study the thermal process of the DOC during
2
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
diesel engine operation. Both experimental studies and computer simulations are 
commonly used to investigate the thermal process of DOCs. Experimental studies are 
primary but costly, because a large number of components such as the diesel engine, the 
dynamometer, the exhaust system, thermocouples, flow meters and the data acquisition 
system, just name a few, need to be employed. Computer simulations have become 
indispensable supplemental methods to experimental studies, because with the prediction 
and analysis from computer simulation results, experimental procedures can be 
optimized. Significant savings in time and cost allocated to the experiments can thus be 
realized. In the Clean Diesel Engine Laboratory (CDL) at the University of Windsor, 
both conventional and innovative methodologies to examine diesel after-treatment 
systems have been performed. Some validations of numerical results based on the 
experimental data from CDL have been reported [Zuo et al., 2004; Zheng et al., 2005; 
and Zhang et al., 2005].
1.2. Objectives
This study comes from an active diesel after-treatment project aimed to improve the 
performance of the after-treatment system by employing an independent controller 
intelligently adjusting some engine-out parameters, such as exhaust gas flow. Before such 
active strategies come into application, it is a prerequisite to investigate how the 
performance of an after-treatment system varies with these controllable engine-out 
parameters. For example, to study how the DOC substrate temperature changes with the 
engine-out exhaust gas flow is necessary for further exploring if  active flow control 
compared with passive flow could improve the DOC conversion efficiency. Hence, the
3
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objective of this research was to develop dynamic thermal models of DOCs, in which the 
main concern is the DOC substrate temperature. These models can provide a means of 
better understanding the transient heat transfer process in a DOC by quantifying the 
substrate temperature profile during various engine conditions. Moreover, the models can 
be used to predict the performance of the active exhaust gas flow control schemes 
designed for DOCs.
1.3. Scope
The scope of this thesis was limited to a computer modeling study. Prior to the 
development of the thermal models, assumptions were made with careful consideration of 
both the physical process being studied and the feasibility of the mathematical 
representation. Then the research was conducted in the following three phases:
■ Developing dynamic thermal models based on the governing equations via 
Simulink®, which is a platform for multi-domain simulation and model-based 
design for dynamic systems.
■ Verifying the developed models with theoretical solutions and referable 
experimental data from the CDL.
■ Evaluating the models with the US06-SFTP and Japanese 13-mode diesel 
emission tests, and the performance of the active flow schemes, i.e. reversal flow 
and parallel flow.
Because of the assumptions made, the simulation results obtained should be considered 
valid only under the specific conditions used in this study.
4
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Chapter 2 
LITERATURE REVIEW
2.1. Diesel Engines Emissions Control
As mentioned in the introduction, diesel emissions consist of some incomplete 
combustion products: CO and HC. The PM productions from diesel engines partially 
result from incomplete combustion, when (1) the temperature at the end of compression 
is too low, (2) the oxygen concentration is not sufficient to permit complete combustion, 
and (3) the fuel concentration is too low for pre-flame reactions to produce sufficient heat 
to promote quick and complete combustion [Elliott, 1949]. For example, when diesel 
engines are operating at high load with heavy exhaust gas recirculation (EGR), the in­
cylinder charge can be deprived of oxygen especially during the later stages of 
combustion, which could cause increased PM emissions. There is another diesel exhaust 
constituent, nitrogen oxides (NOx), which are generated from nitrogen and oxygen under 
the high pressure and temperature conditions in the engine cylinder. Nitrogen dioxide 
(NO2) is very toxic. NOx emissions are also a serious environmental concern because of 
their role in the smog formation [EPA, 2002a].
Due to the concerns of the human health and environment, governments all over the 
world have legislated more stringent emission standards for diesel engines. For example, 
U.S. EPA formulated very stringent diesel emission standards to take effect in 2007, 
which requires reductions of 90 percent in PM and 95 percent in HC and NOx compared 
to the standards in 2002 [EPA, 2002b]. The European Parliament and the Council of
5
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Environment Ministers adopted stricter Euro IV and V standards for the year 2005/2008, 
and Japan 2005 regulations are also very stringent [DieselNet, 2005].
During the past decades, worldwide efforts have accelerated to make diesel engines 
cleaner with intensified in-cylinder control and innovative after-treatment technologies 
[Johnson, 2003; Neely, 2004; Zheng et a l, 2004]. To date, the industrial consensus has 
been to combat nitrogen oxides (NOx) by applying EGR and to suppress PM by 
enhancing mixing with higher injection pressures, split fuel injection and higher boost 
pressure [EPA, 2002b]. However, the in-cylinder NOx control techniques inevitably 
increase PM emissions in the exhaust, which is reflected in the trade-off relation between 
NOx and PM emissions [Suzuki et a l, 1997]. Therefore, the PM levels are still higher 
than the environmental regulations. As a result, the use of a DOC to reduce diesel PM 
emissions becomes increasingly important. The effective use of the oxidation devices 
requires a temperature level that modem diesel engines have difficulty to reach, notably 
because of the high expansion ratio and the overall lean bum nature of diesel engines 
[Borman and Gagland, 1998].
2.2. The Conversion Efficiency of DOCs
Figure 2.1 illustrates the diesel engine exhaust system, where a DOC system is mounted 
between exhaust pipe and tail pipe. Since the 1980’s, in order to improve the conversion 
efficiency, pellet substrates for catalytic converters have mostly been replaced by 
monolithic substrates [Heck and Farrauto, 1995], Modem catalytic converters consist of a 
monolith honeycomb substrate coated with platinum group metal catalyst, packaged in a
6
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stainless steel container. The honeycomb structure with many small parallel channels 
presents a high catalytic contact area to exhaust gases. As can be seen in Figure 2.1, a 
catalytic monolith is encased in a double stainless steel shell, which is designed to 
insulate the heat transfer from DOCs to the ambient, withstand corrosion and the thermal 













Figure 2.1 Schematic of diesel engine exhaust system
Monolithic substrates in catalytic converters are also called honeycomb substrates. 
Figure 2.2 is a photograph of some catalyst monoliths in CDL, which has the honeycomb 
structures including both metal and ceramic material. At present, the cell density for the 
most common used monolith is 400cpsi (cells per square inch), which means in one 
square inch area there are 400 channels of the monolith along exhaust gas flowing 
direction. Precious metals such as platinum and rhodium, which are catalysts in the 
converting reaction, are often coated on the wash-coat of the monolithic substrate.
7
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Figure 2.2 Picture of some catalyst monoliths
There are three main chemical oxidation reactions in the DOC:
CO + 1/2 0 2 -► C 02 (2-1)
[HC] + 0 2 -► C 02 + H20  (2-2)
[SOF] + 0 2 -> C 02 + H20  (2-3)
A new catalyst can reach 95 percent or above conversion efficiency for HC at 400°C or 
higher temperatures [Heywood, 1988]. Typical conversion efficiencies for CO and HC in 
the diesel catalyst are given in Figure 2.3. Conversion of diesel PM is an important 
function of the modem diesel oxidation catalyst. The catalyst exhibits a very high activity
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in the oxidation of the organic fraction (SOF) of diesel particulates. Conversion of SOF 
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Figure 2.3 Catalytic Conversion of CO and HC [Adapted from Nett, 2005a]
2.2.1. Catalyst Temperature
The term “light-off temperature” is often used to describe the temperature at which the 
catalyst becomes 50 percent effective. The light-off feature curves for different 
hydrocarbons are shown in Figure 2.4; the conversion efficiency of a catalyst is highly 
related with the catalyst substrate temperature. A minimum exhaust temperature of about 
200°C is necessary for the catalyst to "light off'. At elevated temperatures, conversions 
depend on the catalyst size and design and can be higher than 90%. Previous tests 
indicated that a catalyst with working temperatures above 450°C reduced total 
hydrocarbon (THC) to a low level in the exhaust [Zheng et al., 1998]. The exhaust
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temperature of modem diesel engines rarely reaches such high temperatures, especially 
during low load operation conditions. Additionally, modem diesel engines generally 
discharges very low amounts of combustible substances in the exhaust during partial load 
operations [Eastwood, 2000; Zheng and Reader, 2004], the exothermic energy from the 
oxidation of such combustible substances is commonly insufficient to retain the light-off 
temperature when the engine exhaust temperature is too low. As a result, supplemental 
energy has to be provided to the converters in order to achieve the light-off temperature.
100
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Figure 2.4 Hydrocarbon light-off curves [Adapted from Lampert et al., 1997]
Figure 2.5 illustrates the light-off temperature characteristics curve of a catalytic 
converter by experimental studies. Studies showed that the conversion efficiency of a 
catalyst is also related with the space velocity and oxygen concentration in the exhaust 
gas, besides the substrate temperature. The space velocity (SV) was defined as the ratio
10
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between the exhaust gas volume flow rate per hour and the volume of the catalytic 
converter [Wang et a l, 2000].
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Figure 2.5 The light-off temperature characteristics of a catalyst 
from experimental results [Adapted from Wang et a l , 2000]
In order to retain the light-off temperature of a catalyst, manufacturers and researchers 
have proposed and implemented some effective methods. One direction is developing 
new materials; for example, zeolites, which are able to store hydrocarbon at low exhaust 
temperature and release when temperature increases, can be added to converters [Nett, 
2005b]. Another direction is optimizing the process; for instance, thermal management 
techniques, which can help to store heat in the catalytic converter [Burch et al., 1996] and 
retain the converter substrate temperature [Zheng and Reader, 2004], can be applied into 
the DOC design.
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
2.2.2. Diesel Active After-treatment
Figure 2.6 shows the comparison of the concepts of passive versus active after-treatment. 
Currently, the common practice for automotive industry is the passive after-treatment 
system, which operates at a set of parameters regardless of engine-out conditions. 
However, the vehicle’s electronic control unit (ECU) controls engine-out conditions to 
satisfy the after-treatment by adjusting the air/fuel mixture injected into the engine. The 
exhaust gases are constantly monitored using an oxygen or Lambda sensor [Seiffert and 
Walzer, 1991]. In contrast, active after-treatment systems could utilize an independent 
controller to implement active flow, or to put in supplemental energy. Because of better 
thermal management, active after-treatment could lead to more efficient emission 
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Figure 2.6 The concepts of passive versus active after-treatment 
[Adapted from Zheng and Reader, 2004]
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Since 2001, the research group in the Clean Diesel Engine Lab (CDL) at University of 
Windsor have tested and reported a set of active flow control schemes. Studies indicated 
that the energy efficient diesel after-treatment could be realized with active flow 
strategies; for example, parallel alternating flow, and periodic flow reversal in the after- 
treatment devices [Zheng and Reader, 2004]. Figure 2.7 demonstrates the schematic of 
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Figure 2.7 Schematic of the monolith and the concept of the RFC 
[Adapted from Zheng and Reader, 2004]
When the low exhaust gas temperature is flowing through a high temperature converter 
uni-directionally, the temperature difference between the exhaust gas and the converter 
substrate along the catalyst bed will shape as the dotted line. The solid line and the dash 
line show the temperature differences between the exhaust gas and the converter substrate
13
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along the catalyst bed with forward flow and backward flow respectively, when the 
periodic flow reversal applied to the converter. As can be seen, the flow reversal 
increases the temperature difference between the exhaust gas and the converter substrate 
along the catalyst bed, and traps the high temperature in the central zone of the catalyst. 
Therefore, active flow methods could increase the conversion efficiency of DOCs by 
retaining catalyst light-off temperature [Zhang et al., 2005], Further experimental 
observations and computer simulations are necessary to validate the feasibility and 
superiority of active after-treatment systems before the independent controller for the 
diesel after-treatment is taken into manufacturing.
2.3. Dynamic Modeling of Thermal Process in DOCs
2.3.1. Modeling Studies o f Thermal Process in DOCs
The thermal process in the engine exhaust system is an unsteady state heat transfer 
process, because when engines are operating under different conditions, the engine-out 
exhaust gas temperature changes with time frequently, which causes the temperature of 
the exhaust system to vary with time [Zhao, 2002]. In addition, heat transfer is a dynamic 
form of energy, which is also called energy interactions at the system boundary, 
represents the energy gained or lost by the system during a process [Qengel and Turner, 
2001]. Unsteady state and dynamic heat transfer process are governed by differential 
equations [Eckert and Drake, 1972]. Computer numerical modeling techniques have been 
widely adapted to analyze the thermal process of exhaust after-treatment systems, i.e. by 
solving those differential equations [Bisset, 1984; Konstandopoulos et al., 2000; Wang 
et al., 2004; Zuo et al., 2004].
14
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The idealization for a transient heat transfer process is to treat the body like a “lump” 
whose interior temperature remains essentially uniform at all positions [Incropera and 
DeWitt, 1996]. The temperature of such a body can be taken to be a function of time 
only, where it is zero-dimensional (0-D) from the aspect of the position. Heat transfer 
analysis utilizing this lumped heat capacity assumption provides significant 
simplification in certain problems when only considering the energy balance [Qengel and 
Turner, 2001]. Using logarithmic mean temperature between the exhaust system and the 
exhaust gas can avoid unreasonable results in the 0-D simulation [Qengel, 2003]. Diesel 
engine exhaust gas temperature typically ranges between 100 to 600°C [Borman and 
Gagland, 1998; Heywood, 1988]. Therefore, the effect of heat radiation usually has been 
neglected since the monolith converter temperature normally falls within the range of 27 
to 727°C [Chan and Hoang, 1999],
In order to increase the predictive accuracy of thermal process in the exhaust system 
compared to the 0-D thermal models, Oh and Cavendish [1982] have completed one­
dimensional (1-D) transient models for monolithic catalytic converters. For 1-D thermal 
analysis, it was assumed that one single channel represents all the channels of monolith 
and the channels are adiabatic with each other. The monolith is divided into N elements 
along its axial direction. The temperature at each element is considered different. The 
length of elements could be even or uneven. Some researchers have implemented two- 
dimensional (2-D) analysis considering non-adiabatic operation between two adjacent 
channels of the monolith [Liu and Zygourakis, 1985; Flytzani-Stephanopoulos et al., 
1986; Kolaczkowski et al., 1988; Zygourakis, 1989]. Even more, some scholars
15
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developed three-dimensional (3-D) models for monolithic catalytic converter channels 
with asymmetrical cross-sections [Chen et al., 1988]. However, the more dimensions 
used the more expensive it is computationally [Chow and Wyazynski, 2000]. For active 
flow control in the DOCs, 1-D single channel models could be enough to reflect the 
temperature profile along the exhaust gas stream [Liu et al., 2000].
2.3.2. Control-oriented Dynamic Modeling
Traditional computer languages, such as FORTRAN and C, and computational fluid 
dynamics (CFD) software were applied in previous simulation studies [Chow and 
Wyazynski, 2000; Wang et al., 2004; Zuo et al., 2004]. Compared with traditional 
computer languages, control-oriented software, such as Simulink®, offers interface 
between the simulation models and hardware. For example, hardware of the independent 
controller in diesel active after-treatments could be built directly according to the 
Simulink® block diagram.
Simulink® is one of control oriented software for modeling, simulating, and analyzing 
dynamic systems. With a variety of control system toolbox, Simulink® has been widely 
used in the controller design for automotive systems since 1990s [MathWorks, 1999]. 
Simulink® offers a block diagram tool for modeling dynamic processes, and it turns the 
computer into a lab to simulate and analyze systems [MathWorks, 2002a]. Some 
researchers have successfully used Simulink® to investigate the dynamic process in the 
engine after-treatment system, for example, gasoline three-way catalysts [Lubeski, 2000] 
and lean NOx trap (LNT) for lean bum engine [Wang et al., 1999].
16
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Additionally, Simulink® has modulated feature, which can be taken the advantage of 
adapting previous models into new models simply. For example, ADVISOR (Advanced 
Vehicle Simulator), developed by U.S. National Renewable Energy Laboratory (NREL), 
has used Simulink® as the main developing tool [Brooker et al., 2002], ADVISOR has 
been utilized in the clean and fuel-efficient vehicle design by industries and governments 
in the last nine years [AVL, 2006]. The thermal models developed using Simulink® for 
the diesel oxidation catalysts could be adapted into software packages because of the 
modulated feature of Simulink®. Such adaptation could improve the performance of other 
software packages, such as ADVISOR, for more accurate prediction and optimized 
design.
2.4. Summary
In summary, the temperature of catalyst substrates is a crucial factor to the DOCs’ 
conversion efficiency, and diesel active after-treatment is a new approach to improve the 
thermal management in DOCs. It is indicated that 0-D dynamic thermal analysis is useful 
for estimating the energy consumption in the exhaust system. However, for the catalytic 
converter itself, 0-D approach might not be sufficient, because the temperature along the 
monolithic flow bed is not constant, and such a difference might affect conversion 
efficiency significantly [Zhang et al., 2005]. Therefore, 1-D dynamic thermal analysis for 
DOCs is necessary to improve the predictive accuracy. Furthermore, the use of control- 
oriented software, such as Simulink® is essential for control strategies investigation and 
hardware realization.
17
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Chapter 3 
DYNAMIC MODELING
The dynamic modeling procedures adopted for this study are described in this chapter. 
First, the mathematical governing equations are presented, and then the model 
development and application design are presented by illustrating all the activities 
accomplished.
3.1. Mathematical Representations
As mentioned in Section 2.3.1, the thermal process in the exhaust system is a transient 
process. The mathematical representations for this transient thermal process are 
illustrated in the sub-sections below.
3.1.1. 0-D Thermal Analysis for the Exhaust Pipe
As shown in Figure 3.1, there is always some thermal mass (i.e., metal parts) between the 
engine and the after-treatment devices, such as the engine manifold, the exhaust pipe and 
valves. Because the heat capacities of such thermal mass and the heat transfer between 
the thermal mass and the ambient, the exhaust temperature at the inlet of the after- 
treatment devices is very different from the temperature of the exhaust left the engine. In 
this thesis, it was assumed that the exhaust pipe represented the whole thermal mass and 
the exhaust pipe was treated as a lumped heat capacitance in the 0-D thermal analysis for 
the exhaust pipe, illustrated in Figure 3.1. This analysis was used to predict the 
temperature of exhaust gas flowing into the after-treatment devices.
18
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Figure 3.1 Schematic of thermal mass in the engine after-treatment system and the 
exhaust pipe representation [Adapted from Zidat and Parmentier, 2003]
Figure 3.2 illustrates the schematic of solid phase energy balance in the 0-D exhaust pipe 
thermal analysis, in which the internal energy change rate is given by:
= c p v ^
t  p w r w  w  idr dr
(3-1)
where Ew is the internal energy in the exhaust pipe, Tw is the exhaust pipe wall 
temperature, x is the time, cpw is the exhaust pipe specific heat at constant pressure, pw is 
the exhaust pipe density, and Vw is the volume of the exhaust pipe.
19
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Figure 3.2 Schematic of the solid phase energy balance 
in the 0-D exhaust pipe thermal analysis
The heat transfer rates between the exhaust pipe and the exhaust gas Q] and between the
exhaust pipe and the ambient air Q2 are described in Equations (3-2) and (3-3) 
respectively.
where Tamb is the ambient temperature, Aci and Ac2 are the surface areas of the interior 
and exterior of the exhaust pipe respectively, hi is the coefficient of convection heat 
transfer between the exhaust pipe and the exhaust gas, h2 is the coefficient of convection 
heat transfer between the exhaust pipe and the ambient air, and Tg [n is the gas mean
temperature using logarithmic mean temperature difference between the exhaust pipe and 
the exhaust gas, defined as follow.
(3-2)
Qi — h2Ac2(Tw Tamb) (3-3)
(3-4)
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where the definitions of temperature differences between the exhaust pipe surface and the 
exhaust gas at the inlet and the outlet of the pipe (ATin and AT0Ut) are described by the 
following equations:
^ , = T w-TgM (3-5)
A r « = r . - r , ^  <3-«)
where Tg>in and Tgi0Ut are the inlet and outlet gas temperatures of exhaust pipe, 
respectively.
The energy balance equation for the solid phase is described as:
dE„
dz Q:+Q2 (3-7)
Substituting Equations (3-1), (3-2), and (3-3) into Equation (3-7), the solid phase energy 
balance equation becomes:
c „ p  J ,  = ~h'A« ~ r -  > ( 3 ‘ 8 )ax
Therefore, the rate of decrease or increase of the internal energy of the exhaust pipe wall 
is equal to the convective heat transfer rate with the exhaust gas and natural convective 
heat transfer rate with the ambient air.
For the gas phase, the energy balance schematic is shown in Figure 3.3, where the heat 
transfer Qi' with the exhaust pipe equals the change in the energy of the exhaust gas.
21
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Figure 3.3 Schematic of the gas phase energy balance 
in the 0-D exhaust pipe thermal analysis
The heat transfer rate with the exhaust pipe Qx' equals to:
Q ^ K A ^ - T ^ )  (3-9)
The exhaust gas internal energy change rate is given by:
^  = cPgM g(Tg,out-T gM) (3-10)
where cpg is the gas specific heat at constant pressure, and M g is the engine out exhaust 
gas mass flow rate.
The energy balance governing equation for the gas phase in the 0-D exhaust pipe thermal 
models when treated as a closed system is described as:
AE
~ r L = Qx (3 -ii)A t
Substituting Equations (3-9) and (3-10) into Equation (3-11), the gas phase energy 
balance equation becomes:
22
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(3-12)
For determining the coefficient of convection heat transfer between the exhaust pipe and 
the exhaust gas (h/), the thermodynamics theory has been applied. Firstly, the Reynolds 
number (Re) is calculated to determine whether the flow is laminar flow or turbulent 
flow:
v
where vm is the mean fluid velocity, v is the kinematical viscosity of the fluid, and Dp is 
the hydraulic diameter of the exhaust pipe.
where Dw is the exhaust pipe diameter, and Sw is the exhaust pipe wall thickness.
Under most practical conditions, the flow in a tube is laminar for Re < 2300, turbulent for 
Re > 10,000, and transitional in between [Qengel, 2003]. Through upcoming calculations, 
the flow in the exhaust pipe is usually falling in the turbulent flow region. For a fully 
developed turbulent flow in a circular pipe, we can apply Colnum Equation to estimate 
Nusselt number (Nuw) inside the exhaust pipe:
where, a dimensionless Prandtl number (Pr), a measure of the relative growth of the 
velocity and thermal boundary layers, can be referred from the fluid properties table, 
n=0.4 for heating and n=0.3 for cooling of the fluid flowing through the tube.
Re =
v • Dm p (3-13)
D =D - 2 8p  ^ w  w (3-14)
Nuw = O.O23-Re08-Pr" (3-15)
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Then, the coefficient of convection heat transfer between the exhaust pipe and the 
exhaust gas (hi) is determined by:
( 3 . 1 6 )
D,
where, kgas is the exhaust gas thermal conductivity.
For the coefficient of convection heat transfer between the exhaust pipe and the ambient 
air (hi) was assumed as a natural convection coefficient, whose value is between 0 to 20 
W/m2K generally in the normal laboratory conditions [Zhao, 2002]. In this thesis, h2=0 
for assuming insulations applied on the exhaust pipe from the ambient; and h2 = 2 0  
W/m2K for assuming the laboratory conditions in CDL used on the exhaust pipe.
3.1.2. 0-D Thermal Analysis for DOCs
In this study, 1-D thermal modeling was the focal research target. Prior to the 1-D 
thermal analysis for DOCs, the 0-D thermal analysis was the preliminary and comparable 
investigation. Figure 3.4 illustrates the schematic of the monolith and the concept of the 
monolith single channel mathematical treatment, in which it was assumed that all the 
channels of monolith experienced the same operating conditions. A single channel, which 
is considered as a lumped heat capacity, was to be used for the 0-D thermal analysis for 
DOCs. As shown in Figure 3.4, Dm is the monolith diameter, L is the monolith length, Dc 
is the channel diameter, and S is the channel wall thickness. Those parameters were used 
in the dynamic thermal models development.
24
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Monolith Single Channel
Figure 3.4 Schematic of catalytic monolith and the single channel representation
Because insulation is always applied between the catalytic converter and the ambient, the 
catalyst is adiabatic with the ambient. That means there is no heat transfer along the 
radial direction of the monolith channel. Therefore, monolith channels were assumed 
adiabatic with each other in this study. Heat conduction in the gas phase was also ignored 
since the gas flow speed was considered to be the predominating (mass transfer) 
parameter in heat transfer calculations.
Figure 3.5 illustrates the schematic of solid phase energy balance in the 0-D monolithic 
single channel thermal analysis of DOCs, in which the internal energy change rate of the 
monolithic substrate is given by:
(3-17)
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where Es is the internal energy in the monolithic substrate, Ts is the monolithic substrate 
temperature, x is the time, CpS is the substrate specific heat at constant pressure, ps is the 
substrate density, and Vs is the volume of one single substrate channel.
Figure 3.5 Schematic of solid phase energy balance 
in the 0-D monolith single channel thermal analysis
The heat transfer rate Q with the exhaust gas is given by:
Q = -hAc(Ts - T m) (3-18)
where Tm is the gas mean temperature, Ac is the convective surface area of the single 
substrate channel, and h is the coefficient of convection heat transfer between the 
substrate and the exhaust gas in the channel.
The energy balance equation for the solid phase is described as:
^  = Q (3-19)dr
Substituting Equations (3-17) and (3-18) into Equation (3-19), for the solid phase, energy 
balance governing equation becomes:
26
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c „ P ,V ,-£  = -hAc(T ,-T m) (3-20)
Therefore, the rate of decrease or increase of the internal energy of the monolithic 
substrate is equal to its heat transfer rate with the exhaust gas convectively.
For the gas phase, the energy balance schematic is shown in Figure 3.6, where the heat 
transfer Q  with the monolithic substrate equals the change in the energy of the exhaust 
gas in a single channel.
Figure 3.6 Schematic of the gas phase energy balance 
in the 0-D monolith single channel thermal analysis
The energy balance governing equation for the gas phase in the 0-D monolith single 
channel thermal analysis is described as:
cpgmg(Te - T i) = hAc(Ts - T m) (3-21)
where cpg is the gas specific heat at constant pressure, mg is the substrate channel inlet
exhaust gas mass flow rate, 7/ and Te are the substrate channel inlet and exit gas 
temperatures, respectively.
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The logarithmic mean temperature difference (Ts-Tm) between the substrate and the 
exhaust gas, which is used in equations (3-18), (3-20) and (3-21), is defined as:
T - T  = ATi ~ ATe (3-22)
s m ln(A71 / ATe)
where the temperature differences between the substrate surface and the exhaust gas at 
the inlet and the exit of the channel (ATi and ATe) are described by the following 
equations:
at;. =Ts - T i (3-23)
ATe =Ts - T e (3-24)
For determining the coefficient of convection heat transfer between the substrate and the
exhaust gas in the channel (h), the thermodynamics theory has been applied. Firstly, the
Reynolds number (Re) is calculated to determine whether the flow is laminar flow or 
turbulent flow:
v • D
Re = - 2—— (3-25)
where vm is the mean fluid velocity, v is the kinematical viscosity of the fluid, and D is 
the hydraulic diameter of the monolith channel.
D =Dc - 2 5  (3-26)
where Dc is the monolith channel diameter, and S is the monolith channel wall thickness 
as in Figure 3.4.
28
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Through upcoming calculations for Reynalds number, the flow in the substrate channel 
was usually falling in the laminar flow region. Therefore in this study the flow inside the 
monolith channel was assumed as the fully developed laminar flow. For a fully developed 
laminar flow in a square channel, the Nusselt number (Nu) inside the substrate channel 
equals to 2.98, when surface temperature is constant [£engel, 2003]. And then, the 
coefficient of convection heat transfer between the substrate and the exhaust gas in the 
channel (h) is determined by:
Nu • k
h  = --------------
D
(3-27)
3.1.3. 1-D Thermal Analysis for the DOCs
Similar to the assumptions in the 0-D thermal analysis, it was assumed that one single 
channel represented all the channels of the monolith and the channels were adiabatic with 
each other. Figure 3.7 illustrates the schematic of the concept of monolith single channel 
1-D mathematical treatment along the monolith axial direction (z axis). As shown, z is the 
axial position of the substrate, and Az represents the axial space-step between two 
elements.
Single Channel
\ 7 Elements dissection
I,
Figure 3.7 Schematic of 1-D monolith single channel
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For the solid phase, the energy balance governing equation is:
(3-28)
where Ts and Tg are the substrate temperature and the exhaust gas temperature 
respectively, z is the axial position of the substrate, As is the cross-section area of channel 
solid, ks is the substrate thermal conductivity, h is the coefficient of convection heat 
transfer between monolithic substrate channel and exhaust gas, P  is the substrate channel 
hydraulic perimeter, cps is the substrate specific heat, and ps is the substrate density.
For the gas phase, the energy balance governing equation is:
where cpg is the gas specific heat at constant pressure, mg is the exhaust gas mass flow 
rate in the monolithic substrate single channel.
In order to develop the computer simulation models, an element dissection analysis was 
used in this study. All substrate elements were assumed to experience similar heat 
transfer process, except for those elements at the boundary. For the first element at the 
inlet edge, the energy balance schematic of the first element at the inlet edge is shown in 
Figure 3.8, where Tsj  and Tsj  are the substrate temperature at the first element and at the 
second element respectively, Tgj  is the exhaust gas temperature at the first element, Qv x
and Qcl->\ are the convective and conductive heat transfer rates to the first element 
respectively.
- £ - k . r v , - T . ) (3-29)
30
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Figure 3.8 The energy balance schematic of the first element at the inlet edge
The internal energy change rate is given by: 
dE , dT. ,
- ± L  = CpsPsAVs, - f ±  (3-30)
dr dx
where Esj  is the internal energy in the first element of the single monolith channel, and 
AFs;i is the volume of the first element. It can be described by:
* K , i = 4  A*, (3-31)
where Az\ is the space step for the first element.
The convective heat transfer rate Qvl with exhaust gas is given by:
Qv, i = ~ h McA(Ts i - T gl ) (3-32)
where AAcj  is the convective surface area of the first element. It can be described by:
AAeJ = PAz, (3-33)
The conductive heat transfer rate Qc l^\ from the second element to the first element is 
given by:
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a , ^ ,  = ^ K , ,  - r , , , )Az,
(3-34)
The energy balance equation for solid phase of the first element is described as:
d¥
- f -  = ^ + Q c  (3-35)dr
Substituting Equations (3-30) to (3-34) into Equation (3-35), for the solid phase of the 
first element, energy balance governing equation is given by:
CpsPsAs&zt - ~ ~ ( T  2 - T  ,) <3-36)
dr  Az.
The energy balance schematic of the middle elements is shown in Figure 3.9, where TSj<, 
Tg)j represent the substrate temperature at the middle element and the exhaust gas 
temperature at the middle element respectively, TSii_i and TS);+i are the substrate 
temperatures at the before and behind middle elements respectively. Qv j is the
convective heat transfer rate of the middle element with the exhaust gas, QcM_n and 
Qc ,•+!_>,• are the conductive heat transfer rates from before and behind elements to the 
middle element respectively.
U S ....................................................... 1-----------------
T s ,i
T g , i  Q vj  
Qc,i~\~*i
■ = : >  
■ = > QcJ-l-^i
' '  < 0  *
T S;i - i  T s , i+ 1
Figure 3.9 The energy balance schematic of the middle elements
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For the middle element, the internal energy change rate is given by:
^  = (3_37)
where ESti is the internal energy in the z'th element of the single monolith channel, and
AFs,i is the volume of the zth element. It can be described by:
AVS,  = AsAzt (3-38)
where Az-t is the space step for the middle element.
The convective heat transfer rate Qv i with exhaust gas is given by:
Qv, = - h M ci{TSJ- T gi) (3-39)
where AAcj is the convective surface area of the middle element. It can be described by:
(3-40)
Respectively, the conductive heat transfer rates £?c and QcM^  from before and 
behind elements are given by:
QeJ-l- * = ^ ( T , „ - T SJ) (3-41)
Az.
Qej+̂ = ^ r ~ ( T SJ+X- T s .) (3-42)
Az.
The energy balance equation for solid phase of the middle element is described as:
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^  = 0 , , ( 3 - 4 3 )
dr
Substituting Equations (3-37) to (3-42) into Equation (3-43), for the solid phase of the 
middle element, energy balance governing equation is given by:
dT 1c A 1c A
- T si) + ̂ - ± ( T sM - T J -h -P A z ,(T SJ- T gJ) (3-44) 
dr  Az, Az;
For the last element at the exit edge, the energy balance schematic of the last element at 
the exit edge is shown in Figure 3.10, where TSj„ and Ts>n.i are the substrate temperature at 
the last element and at the second last element respectively, Tg>n is the exhaust gas 
temperature at the last element, Qv n and Qc nÂ n are the convective and conductive heat 
transfer rates to the last element respectively.
Ts,n
Tg,n Qvn
Q c ,n -\-+ n
l= >
T s , n - 1
Figure 3.10 The energy balance schematic of the last element at the exit edge
The internal energy change rate is given by:
dEs,n
dr





Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where ESA is the internal energy in the last element of the single monolith channel, and 
AFS;n is the volume of the last element. It can be described by:
AK„ -  A,Az, (3-46)
where Azn is the space step for the last element.
The convective heat transfer rate Qv n with exhaust gas is given by:
(3-47)
where AAĉn is the convective surface area of the last element. It can be described by: 
A4 ,  = PAzn (3-48)
The conductive heat transfer rate Qc,„-\-,n from the second last element is given by:
(3-49)
Az
The energy balance equation for solid phase of the last element is described as:
^ r  = Q „ + Q c ^  (3-50)dr
Substituting Equations (3-45) to (3-49) into Equation (3-50), for the solid phase of the 
last element, energy balance governing equation is given by:
d T  k  A
CpsPsAsEzn- ^  = - ^ - { T s^ - T sn)-h -P A zn(Tsn-T gJ  (3-51)
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3.1.4. The Analysis o f the DOC’s Conversion Efficiency
As reviewed in Section 2.2.1, the DOC’s conversion efficiency is not only a function of 
the catalyst substrate temperature, but also related with the oxygen concentration in the 
exhaust gas and the space velocity of the DOC. In this thesis, the empirical equation
between the catalyst conversion efficiency and the three factors based on the
experimental data from other researchers [Wang et al., 2000] was assumed as:
^ -   ̂ 300000 7 5 0 0
1 + 5.0 x 106 x C[02][1 + 100exp(— exp[-  _ 2?3)]
where r\ is the THC oxidation conversion efficiency of a catalyst, T  is the catalyst
temperature [°C], C[C>2]  is the oxygen concentration in the exhaust gas [%], and SV is the 
space velocity of the DOC [hr'1]. The catalyst temperature (7) was assumed as the 
arithmetic mean temperature of the monolith substrate temperatures (Ts) along the length 
of the catalyst.
In order to illustrate the above equation, Figure 3.11 shows the curves between the THC 
oxidation conversion efficiency and the catalyst temperature with different oxygen 
concentration in the exhaust gas, when the SV is set as a constant; and Figure 3.12 shows 
the curves between the THC oxidation conversion efficiency and the catalyst temperature 
and with different space velocity of the DOC, when the oxygen concentration is set as a 
constant. The assumed relationship is able to demonstrate the catalyst characteristics with 
some main relative factors; therefore, this relationship has been applied in predicting the 
performance of parallel flow in the DOCs in the later section.
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Figure 3.11 THC conversion efficiencies 
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Figure 3.12 THC conversion efficiencies with different space velocities of the DOC
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3.2. Dynamic Simulink® Thermal Model Development
As stated in the introduction, the objective of this study was to develop the dynamic 
thermal models of DOCs, which serves two purposes: better understanding the heat 
transfer fundamentals of a catalyst and applying to predict the performance of the after- 
treatment system. In order to accomplish these tasks, the modeling activities have been 
organized in the following phases:
■ Develop 0-D exhaust pipe, 0-D DOC, and 1-D DOC thermal models 
corresponding with the governing equations represented in Section 3.1. When 
necessary, the outlet gas temperatures of the exhaust pipe, which were come from 
0-D exhaust pipe thermal model, were used as the input inlet gas temperature of 
DOC to the 0-D and 1-D DOC thermal models.
■ Test the grid independence of the developed 1-D DOC thermal models by 
comparing simulation results with the theoretical solutions, and verify the 1-D 
DOC thermal modes, by comparing the simulation results with the reference 
experimental data from CDL at the University of Windsor.
■ For the model applications, engine speed and load reference data for the US06- 
SFTP and Japanese 13-mode diesel emission tests were used to predict the DOC 
substrate temperature profile. And the performance of the active flow has been 
predicted by simulating flow reversal and parallel flow configuration in DOCs.
The dynamic thermal models were developed using Simulink® software. The Simulink® 
thermal model development flowchart is shown in Figure 3.13. Using Simulink® to 
simulate a dynamic process, the main developing steps include the classification of
38
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variables, the formation of the Simulink® block diagram, and the specification of 
simulation parameters.
dt)Simulink Thermal Model Development
£
0-D Exhaust Pipe
DOC Inlet Gas 
Temperature
0-D DOC 1-D DOC
T

















Figure 3.13 Simulink® thermal model development flowchart
Before introducing the classification of variables, the definitions of the terms “state”, 
“dynamics”, “input”, and “output” in the dynamic modeling are given as the following. 
The “state” of a model in a dynamic system is a set of independent physical quantities, 
the specification of which completely determines the future evolution of the system; the
39
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“dynamics” of a model is an update rule for the system state that describes how the state 
evolves, as a function of the current state and any external inputs; the “input” is extrinsic 
to the system dynamics; constant inputs are considered to be parameters; and, the 
“outputs” describe the directly measured variables, such as temperature which is a 
function of the states and inputs [Evans, 1954]. Simulink® models allow the dynamics to 
be simulated and analyzed, in which the choice of states, inputs, and outputs in a model is 
not unique [Murray, 2002]. The variable classification was determined by the point of 
view when developing thermal models in the following sections.
Including a comprehensive block library of sinks, sources, linear and nonlinear 
components, and connectors, Simulink® provides a graphical user interface (GUI) for 
building models as block diagrams [MathWorks, 2002b]. A dynamic model can be 
created using click-and-drag mouse operations to formulate differential equations and a 
model can be hierarchical with creating sub-systems, which encapsulate a group of 
blocks and signals in a single block.
Simulation parameters consist of the solver, the start and stop time for the simulation, and 
the step size, and so on [MathWorks2, 2002], Different simulation parameters can lead to 
different simulation results, and sometimes the simulation cannot be executed with the 
wrong choice of the simulation parameters. Therefore, it is crucial to choose the suitable 
simulation parameters to run the developed simulation models.
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3.2.1. 0-D Thermal Model for the Exhaust Pipe
In the 0-D exhaust pipe thermal model, the initial exhaust pipe temperature was set as the 
state, the exhaust pipe and the exhaust gas physical properties were set as parametric 
inputs, the exhaust gas inlet temperature, the exhaust gas mass flow rate and the ambient 
temperature were set as the inputs, and the exhaust pipe wall temperature and the exhaust 
gas outlet temperature were set as the outputs. In detail, there were twelve inputs, two 
outputs, and one state as given in Table 3.1. Most of physical properties were from 
reference books; except for Nusselt number inside the exhaust pipe (Nuw) was calculated 
using Equation (3-15). Other inputs were based on the engine operation conditions. 
Equations (3-4) to (3-6), (3-8), (3-12) and (3-16) were applied to create the Simulink® 
block diagram for the 0-D exhaust pipe thermal model. In this study, the heating and 
cooling process were evaluated for the 0-D exhaust pipe thermal model. The exhaust gas 
mass flow rate was set as 75g/s. The engine-out exhaust gas temperature (Tg;jn) was 
varied from 700 to 200°C for a 600 second cycling time. The developed thermal model 
simulated the temperature (Tg>out) at the exhaust pipe outlet, which is also at the DOC 
inlet.
3.2.2. 0-D Thermal Model for the DOC
In the 0-D DOC thermal model, the initial monolithic substrate was set as the state, the 
substrate and the exhaust gas physical properties were set as the parametric inputs, the 
exhaust gas inlet temperature and the exhaust gas mass flow rate were set as the inputs, 
and the substrate transient temperature was set as the output. In detail, there were one 
state, twelve inputs, and one output as given in Table 3.2. Most of physical properties
41
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were from reference books; except for Nusselt number inside the substrate channel (Nu) 
was set as a constant (2.98). Other inputs were based on the engine operation conditions. 
Equations (3-20) to (3-24) and (3-27) were applied to create the Simulink® block diagram 
for the 0-D DOC thermal model.
Table 3.1 Variables in the 0-D exhaust pipe thermal model
Name Symbol Category
Initial exhaust pipe temperature T w o State
Convective heat transfer coefficient 
between the exhaust pipe and the ambient
h2 Input
Exhaust gas heat capacity ° p g Input
Exhaust gas thermal conductivity kgas Input
Nusselt number inside the exhaust pipe Nuw Input
Exhaust pipe diameter D w Input
Exhaust pipe wall thickness 5 W Input
Exhaust pipe length L w Input
Exhaust pipe heat capacity Cw Input
Exhaust pipe density p w Input
Exhaust gas inlet temperature T g , i n Input
Exhaust gas mass flow rate Input
Ambient temperature T a m b Input
Exhaust gas outlet temperature T g , o u t Output
Exhaust pipe wall temperature T w Output
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Table 3.2 Variables in the 0-D DOC thermal model
Name Symbol Category
Initial monolithic substrate temperature Tso State
Exhaust gas heat capacity °pg Input
Exhaust gas thermal conductivity kgas Input
Nusselt number inside the substrate channel Nu Input
Monolith diameter Dm Input
Monolith cell density cpsi Input
Monolith channel diameter D o Input
Monolith channel wall thickness 5 Input
Monolith length L Input
Monolithic substrate heat capacity Cps Input
Monolithic substrate density P s Input
Substrate channel inlet gas temperature Ti Input
Exhaust gas mass flow rate in a channel mg Input
Monolithic substrate temperature Ts Output
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3.2.3. 1-D DOC Thermal Model
In the 1 -D DOC thermal model, the initial monolithic substrate was set as the state, the 
substrate and the exhaust gas physical properties were set as the parametric inputs, the 
exhaust gas inlet temperature and the exhaust gas mass flow rate were set as the inputs, 
and the substrate segmental transient temperatures was set as the outputs. As given in 
Table 3.3, there were one state, fourteen inputs, and numerous outputs, which depend on 
the number of segments the monolith length is divided into. Similar to the 0-D DOC 
models, the physical properties were from reference books; and the Nusselt number 
inside the substrate channel (Nu) was set as a constant (2.98). Other inputs were based on 
the engine operation conditions. Equations (3-29), (3-36), (3-44) and (3-51) were applied 
to create the Simulink® block diagram for the 1-D DOC thermal model.
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Table 3.3 Variables in the 1-D DOC thermal model
Name Symbol Category
Monolithic substrate initial temperature Tso State
Exhaust gas heat capacity °pg Input
Exhaust gas thermal conductivity kgas Input
Nusselt number inside the substrate channel Nu Input
Monolith diameter D m Input
Monolith cell density cpsi Input
Monolith channel diameter D c Input
Monolith channel wall thickness 5 c Input
Monolith length L Input
Number of segments (elements) N Input
Monolithic substrate heat capacity Cps Input
Monolithic substrate density P s Input
Monolithic substrate thermal conductivity k s Input
Substrate channel inlet gas temperature T i Input
Exhaust gas mass flow rate in a channel Input
Monolithic substrate elemental temperatures T s,i Outputs
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3.3. Testing and Verifying the Models
3.3.1 Testing the grid independence
The two most critical stages in numerical modeling are the selection of proper physical 
model and the design of appropriate numerical grid. The physical model in this study was 
represented by the mathematical governing equations in Section 3.1. The accuracy of a 
computer dynamic simulation depends on the grid size. A compromise is always 
necessary since a fine mesh will result in a more accurate solution than a coarse mesh but 
will require more computational resources. When the solution remains unchanged as the 
mesh is chosen finer, it is considered to be grid independent.
From the thermal analysis, there was a theoretical solution to Equation (3-29) for exhaust 
gas exit temperature with a constant monolithic substrate temperature [Qengel, 2003]. 
The solution was:
Tg = Ts ~ (Ts ~ Ti ) exP(rh ■P - z l m gcpg) (3-53)
where Tg is the exhaust gas temperature at the axial substrate position z, Ts is the substrate 
temperature, Tt is the substrate channel inlet gas temperatures, h is the coefficient of 
convection heat transfer between the substrate and the exhaust gas in the channel, P  is the 
substrate channel hydraulic perimeter, z is the axial position of the substrate, cpg is the gas 
specific heat at constant pressure, and mg is the substrate channel inlet exhaust gas mass 
flow rate.
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The theoretical solutions were performed with an exhaust gas heating process from 200 
to 700°C and a cooling process from 700 to 200°C. The exhaust gas properties were 
assumed as constant under the characteristic temperature of 450°C. Using Equation 
(3-53); the exhaust gas temperature at different positions could be calculated. When the 
modeling conditions were set as same as those using in the theoretical calculations, the 
developed 1 -D DOC thermal model was able to solve the exhaust gas temperature at the 
end of each segment. In this thesis, the grid independence tests for 1-D thermal models of 
DOCs were performed over the four progressively refined grids, which are 5-segment, 
20-segment, 60-segment, and 80-segment. When the exhaust gas temperature differences 
between the simulation results and the theoretical solutions were unchanged, the grids 
were considered as sufficiently fine and independent.
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3.3.2 Verifying the developed thermal models
The DOC performance experiments were performed in the CDL at the University of 
Windsor using ceramic substrates. The schematic of the experiment setup is shown in 
Figure 3.14. A single cylinder Yanmar NFD-170E engine of 857cc displacement was 
used to generate exhaust gas. A cordierite monolith substrate was installed at one end of 
the DOC device. At the other end, an actuator was mounted to drive the rotor disk, which 
will change the exhaust gas flow directions to accomplish flow reversal. The exhaust gas 
and substrate temperatures were measured by the K-type thermocouples of 0.005-inch 









Figure 3.14 Schematic of DOC experiment setup in the CDL
The exhaust flow rate was set at 20 g/s. The substrate was heated to an initial temperature 
of 450°C and the experiment was executed by varying the exhaust gas temperature from 
580 to 180°C while recording the substrate temperatures. The positions of the two
48
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thermocouples were equally placed along the substrate length axis (Z) as shown in Figure 
3.15. To validate the developed thermal model, the heat transfer initial conditions and the 
substrate properties were set the same as those in the experiment. For the simulation, the 
exhaust gas properties were assumed as constants under the characteristic temperature of 
400°C, and are listed in Table 3.4. The substrate properties and parameters used in the 




Figure 3.15 The positions of two thermocouples in the experiment setup
Table 3.4 Exhaust gas properties in the simulation validated with experimental data
[Adapted from Zhao, 2002]
Name Value and Unit
Exhaust has thermal conductivity 0.057 W/(m-K)
Exhaust gas specific heat 1.151 J/(g-K)
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Table 3.5 Substrate properties and parameters in the experiment setup
Name Value and Unit
Density 1400 kg/m3
Thermal conductivity 0.85 W/(m-K)
Specific heat 1100 J/(kg-K)
Monolith diameter 0.144 m
Monolith cell density 200 cpsi
Monolith length 0.3 m
Channel diameter 0.0018 m
Channel thickness 0.0001 m
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3.4. Model Applications
The developed thermal modes were applied to four cases: (1) the Supplemental Federal 
Test Procedure (SFTP)-US06 emission test cycle [DieselNet, 2005], (2) the Japanese 13- 
mode emission test cycle [DieselNet, 2005], (3) a reversal flow under idling conditions, 
and (4) a parallel flow for the systematic predictions. US06-SFTP test is a transient diesel 
emission test for cars and light-duty trucks to obtain emission certification in the U.S. 
effective model year 2000, and it is performed on a chassis dynamometer. In contrast, 
Japanese 13-mode test is a stabilized (steady-state) emission test for heavy-duty diesel 
engines in Japan since 1994, and it is executed on an engine dynamometer. These two 
test cycles are typical and with reference data available; therefore, they were chosen to 
evaluate the developed thermal models. Reversal flow and parallel flow were selected as 
the representative active flow schemes in the after-treatment system, and the developed 
thermal models were aimed to estimate the performance of the active flow.
In the simulation parameters management for Simulink® models execution, the fixed-step 
continuous solver was chosen with 0.1-second time-step size for 0-D simulation in this 
study. For 1-D simulation the fixed-step continuous solver was selected with one-second 
time-step size, and evenly spaced space-step size was used. The simulation start and stop 
times were determined by the emission test cycle or designed applications.
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3.4.1 Case-1: The US06-SFTP diesel emission test cycle
The US06 or supplemental FTP driving schedule is illustrated in Figure 3.16, in which 
the engine speed and engine load vary with time transiently. The cycle represents an 8- 
mile (12.8 km) route with an average speed of 48 miles/h (78 km/h), maximum speed 80 
miles/h (129 km/h), and a duration of 596 seconds.
■ Engine speed in SFTP-US06 emission test 
























Figure 3.16 US06-SFTP emission test cycle [Adapted from DieselNet, 2005]
Figure 3.17 shows the DOC inlet exhaust gas temperature and the exhaust gas mass flow 
rate based on the engine speed and the engine load in the US06 diesel emission test cycle. 
Applying the data illustrated in Figure 3.17 as the engine condition inputs into the 
developed 1-D DOC thermal model, catalyst substrate temperature profile was predicted 
and reported in the results and discussion chapter.
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Figure 3.17 Modeled exhaust gas conditions in US06-SFTP diesel emission test
[Zheng, 2005]
3.4.2 Case-2: The Japanese 13-mode diesel emission test cycle 
The Japanese 13-mode emission test parameters for the diesel cycle are listed in Table 
3.6. With the engine speed and the engine load in the Japanese 13-mode diesel emission 
test cycle, the DOC inlet exhaust gas temperature and mass flow rate were modeled as 
shown in Figure 3.18. Both the 1-D and 0-D thermal models were evaluated using the 
Japanese 13-mode diesel emission test cycle, respectively.
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Table 3.6 Japanese diesel 13-model cycle [Adapted from DieselNet, 2005]




1 360 seconds idle -
2 480 seconds 40 20
3 600 seconds 40 40
4 960 seconds idle -
5 1080 seconds 60 20
6 1260 seconds 60 40
7 1380 seconds 80 40
8 1560 seconds 80 60
9 1740 seconds 60 60
10 1920 seconds 60 80
11 2100 seconds 60 95
12 2220 seconds 80 80
13 2400 seconds 60 5
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Figure 3.18 Modeled exhaust gas conditions 
in Japanese 13-mode diesel emission test [Zheng, 2005]
3.4.3 Case-3: Reversal flow
The simulation was designed to periodically reverse the direction of exhaust flow, as was 
shown in Figure 2.7, in order to investigate its effects on monolith temperature retention 
during engine idling. The DOC inlet exhaust gas temperature was assumed to be 200°C, 
and the exhaust mass flow rate was assumed to be 25g/s, typical of an engine idling 
condition. The entire monolith was assumed to be 700°C at the start of the simulation. A 
40 second flow reversal cycling time, which includes 20 second forward flow and 20 
second backward flow periodically, was chosen for the simulation. The 1-D DOC thermal 
model was used to simulate this exhaust gas periodical reversal flowing process.
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3.4.4 Case-4: Parallel flow
Because one of the major controlling factors is the flow distribution within the converter, 
it is possible that concentrated heat flux at the parts of the monolith can reduce light-off 
times [Benjamin, 2003]. Then the heat released from the oxidation reaction might 
enhance the time averaged conversion efficiency of a catalyst during a certain period. 
Therefore, an adjustable configuration for the catalytic converters has been proposed in 
CDL for the last two years. The schematic of serial and parallel configuration is 
illustrated comparably in Figure 3.19. Compared to the serial configuration, the parallel 
configuration can adjust flow allocation in two converters, which may improve 
conversion efficiency or reduce supplemental energy. For example, during a heating 
process, it is possible to increase the conversion efficiency of the entire parallel 
configuration system to heat up one converter faster by allocating it with higher 
proportion of the hot gas flow. On the other hand, during a cooling process, it is probable 
to reduce supplemental energy to cool down one converter faster by utilizing the heat 
stored in it during the previous course. In this thesis, each of the two converters had 50% 
of the total volume, which equaled to one converter’s volume in the serial configuration.
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Figure 3.19 Schematic of serial and parallel configurations in DOC
The 1-D DOC thermal model was capable of calculating the substrate temperature, but 
not the THC efficiency. Thus, the parallel flow dynamic thermal model was established 
by adding the THC conversion efficiency Equation (3-52) into the developed 1-D DOC 
thermal model. The time averaged conversion efficiency, which is the mean conversion 
efficiency during the simulation period, was set as the evaluation criterion to compare 
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where, r\i is the time averaged THC conversion efficiency, r\i is the THC conversion 
efficiency at the zth time point by Equation (3-52), r  is the total simulation time. In this 
thesis, one second was chosen as the time step.
The engine conditions were set as follow: 20g/s as the exhaust gas mass flow rate, 100°C 
gas temperature at low load with 20% oxygen concentration, and 600°C gas temperature 
at high load with 5% oxygen concentration. A higher exhaust gas flow rate (90%) was 
allocated to Converter-1, and a lower flow rate (10%) to Converter-2. According to the 
initial substrate temperature and the temperature difference between gas and substrate, 
the simulations were performed for each of the following four scenarios:
■ High initial temperature for both Convert-1 and Converter-2, followed by a low 
exhaust gas temperature.
■ Low initial temperature for both Convert-1 and Converter-2, followed by a high 
exhaust gas temperature.
■ Higher initial temperature for Convert-1 and lower initial temperature for 
Converter-2, followed by a low exhaust gas temperature.
■ Higher initial temperature for Convert-1 and lower initial temperature for 
Converter-2, followed by a high exhaust gas temperature.
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Chapter 4 
RESULTS AND DISCUSSION
In this chapter, the developed Simulink® thermal models are presented and followed by 
the comparisons of simulation results with theoretical solutions and experimental data. 
Next, simulation results from the exhaust pipe thermal model are reported. Lastly, the 
four designed model applications are demonstrated to show the ability of the developed 
thermal models and the benefit of the active flow strategies in DOCs.
4.1 Simulink® Models
The dynamic thermal models elucidated in Chapter 3 were developed using Simulink®. In 
this section, the Simulink® diagrams of the models were illustrated and a description of 
the simulation set-up was given.
Figure 4.1 is the Simulink® diagram for the 0-D exhaust pipe thermal model, in which 
there was only one parent system with no sub-system. The advantage of this single layer 
model is that it is direct and easy to build an electrical circuit by referring to the model. 
As can be seen, the input parameters at the left of the signal routing block “bus creator” 
were modulated, which could be adjusted easily when different simulation conditions 
applied. Figure 4.2 is the Simulink® diagram for the 0-D DOC thermal model, which was 
a single layer model similar to the 0-D exhaust pipe thermal model.
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Figure 4.3 is the Simulink® diagram of the 1-D DOC thermal model. There was a 
hierarchical structure in the model, which has advantages of tidiness in each layer and 
easier replacement of specific layer. In this model, the “From Workspace” block in the 
source library was used as the data reading from the given sources, such as experimental 
data or references, and the signal routing block “bus selector” sorted five substrate 
temperatures at the selected positions. When setting simulation parameters, the output 
was set to save to workspace, thus the output results could be used for further analysis.
Figure 4.4 is the Simulink® diagram of the DOC parallel flow thermal model described in 
Section 3.4.4. Using this model, the comparable simulation results between serial and 
parallel configuration could be presented in the scope block directly when running a 
simulation, and the data was saved in the workspaces. In this study, the flow allocation 
and the running time were timely adjusted to optimize the performance of the parallel 
flow according to the displayed simulation curves and saved simulation data.
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Figure 4.1 Simulink® diagram - Exhaust pipe 0-D thermal model
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Parallel Flow Thermal Model for Diesel Oxidation Catalytic Conveners
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Figure 4.4 Simulink® diagram - parallel flow thermal model for DOCs
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4.2 Comparison of Simulation Results and Theoretical Solutions
As described in Section 3.3.1, the simulation was conducted to test the grid independence 
over the four progressively refined grids, which are 5-segment, 20-segment, 60-segment 
and 80-segment. The comparison between the simulation results and theoretical solutions 
are illustrated in Figure 4.5 to Figure 4.8. The exhaust gas temperature differences were 
calculated by simulation results minus theoretical solutions. Theoretical solutions were 
calculated by Equation (3-53), which is an exponential function. The gas temperature at 
the axial position z  will approach the substrate temperature asymptotically, and it will not 
change after a certain axial position. As can be seen in Figure 4.5 to Figure 4.8, a finer 
mesh gives a more accurate solution. For example, the temperature difference absolute 
values at the axial position 0.12m were 64°C and 9°C for the 5-segment and 20-segment 
division respectively. For the 20-segment division, the temperature difference absolute 
values at the first point (0.03m) and second point (0.06m) were 94°C and 52°C. However, 
with 60-segment and 80-segment divisions, the temperature difference absolute values at 
all points were regarded as unchanged, which were all lower than 50°C. Therefore, 60- 
segment was considered as grid independent, and was used in the remaining simulations 
in this thesis. However, the above conclusion was based on calculations presented here. 
Further validation is recommended.
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Figure 4.5 The comparison of simulation results and theoretical solutions
using 5-segment division
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Figure 4.6 The comparison of simulation results and theoretical solutions
using 20-segment division
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Figure 4.7 The comparison of simulation results and theoretical solutions
using 60-segment division
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Figure 4.8 The comparison of simulation results and theoretical solutions
using 80-segment division
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4.3 Comparison of Simulation Results and Experimental Data
As described in Section 3.3.2, simulation was conducted with the same conditions and 
properties used in the experiment. The comparison of simulation results and experiment 
data is shown in Figure 4.9. As can be seen, the simulated substrate temperature patterns 
agreed with the experimental observations. The maximum temperature differences 
between simulation results and experimental data for thermocouple Tci and Tc2 were 
39°C and 27°C, which were occurred at the 185th and 30th second, respectively.
 Tg —a—  Tel Simdated--------- Tel IVLasired
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Figure 4.9 The comparison of simulation and experimental results
The difference between the simulation results and experimental data may come from the 
assumptions made in the modeling and the measurement accuracy. For example, the
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substrate initial temperature was set as 450°C, which was the assumed experiment initial 
condition, but from the experimental data one can see the initial substrate temperatures 
were all lower than 450°C, 440°C for thermocouple Tci, and 449°C for thermocouple TC2 . 
The simulation was performed as a fully developed laminar flow, so for this cooling 
process the substrate temperature was shown as a decreasing line without any oscillation. 
However, the experiment data illustrated some fluctuations. Such observation results 
might reflect the deviation of real heat transfer process from a fully developed laminar 
flow, or errors due to the measurement accuracy. The exhaust gas mass flow rate was set 
as 20g/s in the simulation, but in the experimental observation the value of the mass flow 
rate might be lower than 20g/s because of the gas leakages from the experiment 
apparatus. This may result in the simulated temperature lower than the measured 
temperature. As can be seen in Figure 4.9, thermocouple Tci showed this possibility well, 
and thermocouple TC2 also showed this likelihood after the 190th second.
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4.4. Simulation Results of the Exhaust Pipe Model
The simulation process was described in section 3.2.1, and the properties and parameters 
used are listed in Table 4.1. The exhaust gas properties were assumed as constants under 
the characteristic temperature of 450°C. The exhaust pipe inlet gas temperature ( T g ,in )  and 
outlet gas temperature (Tg]0ut) are illustrated in Figure 4.10. The value of the convection 
coefficient between the exhaust pipe and the ambient (I12) was assumed as 0 and 20 
W/m2K, respectively in section 3.1.1. Figure 4.11 and Figure 4.12 show the close-up 
curves during the heating and cooling process respectively. As can be seen, a temperature 
difference up to 110°C was recorded between T g ; jn  and Tg;OUt- Such difference has been 
considered in the DOC investigation in this study; because the developed 0-D exhaust 
pipe thermal model could calculate the DOC inlet exhaust gas temperature, which is 
equal to the exhaust pipe outlet gas temperature.
Table 4.1 The properties and parameters used in the exhaust pipe simulation
Name and Symbol Value and Unit
Exhaust Pipe Density pw 7900 kg/mJ
Substrate Specific Heat cpw 530 J/kg-K
Exhaust Pipe Wall Thickness Sw 0.005 m
Exhaust Pipe Diameter Dw 0.08 m
Length of Exhaust Pipe Lw 1.5 m
Exhaust Gas Thermal Conductivity kgas 0.05475 W/m-K
Exhaust Gas Specific Heat Cpg 1.168 J/g-K
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Figure 4.10 Exhaust pipe inlet and outlet gas temperature with time
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Figure 4.11 Exhaust pipe inlet and outlet gas temperature close-up 
during 650-850 second (heating process)
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Figure 4.12 Exhaust pipe inlet and outlet gas temperature close-up 
during 950-1150 second (cooling process)
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4.5. Simulation Results of the Four Application Cases
For DOC simulation, both ceramic and metal materials of the monolith were chosen, and 
the properties and parameters used in the simulation are listed in Table 4.2. Although the 
metal has higher thermal conductivity, heat transfer time was expected to be longer 
because it has higher heat capacitance than that of ceramic. The characteristic 
temperature of the exhaust gas properties was assumed as 450°C. For discussing 
simulation results, five positions along the substrate were selected for the temperature 
estimation, shown in Figure 4.13.
Table 4.2 The physical properties and parameters used in the DOC simulation
Name and Symbol Value and Unit Value and Unit
Ceramic Metal
Substrate Density ps 1700 kg/m' 7900 kg/m'
Substrate Thermal Conductivity ks 11.7 W/m-K 60 W/m-K
Substrate Specific Heat cps 800 J/kg-K 450 J/kg-K
Effective Wall Thickness 5 0.0825 mm 0.0825 mm
Channel Diameter Dc 1.27 mm 1.27 mm
Length of Monolith L 0.6 m 0.6 m
Monolith Diameter Dm 144mm 144mm
Cell Density 400 cpsi 400 cpsi
Exhaust Gas Thermal Conductivity kgas 0.05475 W/m-K 0.05475 W/m-K
Exhaust Gas Specific Heat Cpg 1.168 J/g-K 1.168 J/g-K
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Ts4Ts2 Ts3Tsl Ts5
1/3L 1/2L 2/3 L
L=0.6m
Figure 4.13 Substrate temperatures at five selected positions 
4.5.1 Case-1 simulation results
As described in Chapter 3, Case-1 is the Supplemental Federal Test Procedure (SFTP) 
US06 emission test cycle. The simulation results using the ceramic and metal substrate 
are illustrated in Figure 4.14 and Figure 4.15, respectively. As can be seen, the substrate 
temperature varied corresponding with the engine conditions described in section 3.4.1.
• Tsl (0) Ts2 (1/3L) —*— Ts3 (1/2L) ■ Ts4 (2/3L) Ts5 (L)
« 200
0 100 200 300
Time[s]
400 500 600
Figure 4.14 DOC ceramic substrate temperatures with time 
in the modeled SFTP-US06 emission test cycle (Case-1)
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Figure 4.15 DOC metal substrate temperatures with time 
in the modeled SFTP-US06 emission test cycle (Case-1)
The patterns of the substrate temperatures at different positions were different because of 
the conductive heat transfer effect between elements. A close examination of the first 
100-second period, shown in Figure 4.16 and Figure 4.17, outlines the temperature 
profiles for ceramic and metal substrate respectively. The simulation results revealed the 
importance of conduction during a heating and/or a cooling transient process. The 
developed thermal model represents the convective and conductive heat transfer process 
inside the DOC channel well. Furthermore, the predicted substrate temperature 
distribution along the catalyst bed could be used to estimate the DOC conversion 
efficiency.
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Figure 4.16 Ceramic substrate temperatures close-up during the first 100-second 
in the modeled SFTP-US06 emission test cycle (Case-1)
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Figure 4.17 Metal substrate temperatures close-up during the first 100-second 
in the modeled SFTP-US06 emission test cycle (Case-1)
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4.5.2 Case-2 simulation results
Case-2 was to simulate the Japanese 13-mode emission test cycle. The simulation results, 
substrate temperatures at five different positions, are shown in Figure 4.18 and Figure 
4.19 using ceramic and metal substrate respectively. Similar to Case-1, the conductive 
heat transfer effect was demonstrated by the different substrate temperature patterns at 
the different positions for both materials.
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Time[s]
Figure 4.18 DOC ceramic substrate temperatures 
with the modeled Japanese 13-mode diesel emission test (Case-2)
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Figure 4.19 DOC metal substrate temperatures 
with the modeled Japanese 13-mode diesel emission test (Case-2)
The difference in patterns at different positions was more noticeable with metal substrate 
(Figure 4.19) compared with ceramic substrate (Fig 4.18). The fourth mode between 600 
and 960 seconds was chosen for in-depth discussion, which was a cooling process with a 
sharp drop of the exhaust gas temperature from 400°C to 100°C, and the gas flow rate 
decreased from 50g/s to 25g/s. The simulation results are showed in Figure 4.20 and 
Figure 4.21, for the two materials respectively. As can be seen, after 180 seconds, the 
whole ceramic substrate was cooled down to 100°C, but for the metal substrate the last 
one third part was still not cooled completely at the end of the mode. The cooling time for 
this metal was longer than that for the ceramic, mainly because the chosen metal 
substrate has a higher heat capacitance than the selected ceramic substrate, although the 
thermal conductivity of the metal is higher than that of the ceramic. Through the
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discussion above, one can conclude that the substrate heat capacitance and thermal 
conductivity influenced the substrate temperature profile under the same engine operation 
condition. Therefore, the substrate physical properties can be considered as controllable 
parameters in DOC design.
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Figure 4.20 DOC ceramic substrate temperatures in mode-4 
of the modeled Japanese 13-mode diesel emission test (Case-2)
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Figure 4.21 DOC metal substrate temperatures in mode-4 
of the modeled Japanese 13-mode diesel emission test (Case-2)
Figure 4.22 compares the central point simulated metal substrate temperature by the 1-D 
model and the substrate temperature as a lumped capacity by the 0-D model. The 0-D 
thermal model ignored the conductive effects, so the difference in the predicted substrate 
temperatures by the 0-D and 1-D model was up to approximatel60°C, such as at the 
2250th second, Ts (0-D) was 466°C and Ts3 (1-D) was 624°C during a period which can 
represent a down-hill process with a high speed but low load. Another larger difference 
occurred at the 680th second during an idling period also with low load. In the periods the 
larger differences were found, a similarity was the engine load was low, so the exhaust 
gas temperature was low. Then the conductive effect was relatively strong, so 0-D 
assumption with ignoring the conductive effects would cause larger error from the real 
physical process. Obviously, the observed difference in temperatures by the 0-D and 1-D
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models depends on the material and its thermal properties. For materials with high 
thermal conductivity, larger errors in the temperature prediction by 0-D models could be 
expected since the lumped heat capacity assumption made in 0-D model was more 
inaccurate. Therefore, the developed 1-D model in this study would be more useful for 
predicting the DOC performance accurately, and further to improve the DOC in order to 
meet the stringent emission standard.










0 300 600 900 1200 1500 1800 2100 2400
Tkre[s]
Figure 4.22 The comparison between 0-D simulated monolith temperature 
and 1-D simulated monolith central point temperature 
with the modeled Japanese 13-mode diesel emission test (Case-2)
4.5.3 Case-3 simulation results
Case-3 was to simulate the periodic reversal flow in the converter under idling 
conditions. The predicted metal substrate temperatures in the converter with and without 
flow reversal are illustrated in Figure 4.23 and 4.24, respectively. As can be seen, flow
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reversal traps high temperature above 500°C in the one-third central zone of the monolith 
for 720 seconds. Such a high temperature might improve the DOC conversion efficiency 
significantly. Without flow reversal, the whole monolith cooled down to 200°C within 
approximate 300 seconds, which is below the light-off temperature. The simulation 
results demonstrated clearly the advantage of RFC in diesel emission control.
— Tsl (0 L)   Ts2 (1/3 L ) Ts3 (1/2 L)
—  Ts4 (2/3 L) Ts5(L)
700 
p 1 600
0 60 120 180 240 300 360 420 480 540 600 660 720
Time[s]
Figure 4.23 Substrate temperatures 
with flow reversal under idling condition (Case-3)
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Figure 4.24 Substrate temperatures 
without flow reversal under idling condition (Case-3)
4.5.4 Case-4 simulation results
As described in Section 3.4.4, there are four typical scenarios based on the substrate 
initial temperature and the temperature difference between gas and substrate. The 
substrate material was used as ceramic. The initial simulation conditions, the simulation 
times, and the estimated temperatures as well as THC conversion efficiencies are listed in 
Table 4.3.
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Table 4.3 The simulation conditions and results in the investigation of parallel flow
Parameters Scenario I Scenario I I Scenario I I I Scenario IV
Gas Initial Temperature [°C] 100 600 100 600
Substrate Initial Temperature 
in Serial Configuration [°C]
500 200 345 324
Converter-1 Substrate Initial 
Temperature in Parallel 
Configuration [°C]
500 200 460 431
Converter-2 Substrate Initial 
Temperature in Parallel 
Configuration [°C]
500 200 230 227
Simulation time [s] 100 50 20 20
Substrate Final Mean 
Temperature in Serial 
Configuration [°C]
212 345 324 388
Converter-1 Substrate 
Final Mean Temperature 
in Parallel Configuration [°C]
103 460 431 460
Converter-2 Substrate 
Final Mean Temperature 
in Parallel Configuration [°C]
442 230 227 238
Time Averaged THC 
Conversion Efficiency 
in Serial Configuration
73% 26% 82% 63%
Time Averaged THC 
Conversion Efficiency in 
Parallel Configuration
49% 43% 89% 79%
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For Scenario I, the simulation ended at the 100th second, and the simulation results are
shown in Figure 4.25. With serial configuration, the final substrate temperature was 
212°C, the time averaged conversion efficiency was 73%. With parallel configuration, the 
final mean substrate temperature of Converter-1 was 103°C, the final mean substrate 
temperature of Converter-2 was 442°C, and the time averaged conversion efficiency was 
49%. As expected, when initial substrate temperatures are the same between parallel and 
serial configurations, there is no utilization of heat inside the substrate by adjusting the 
gas flow rate in parallel configuration during the cooling process. Thus, Scenario I is an 
example which parallel configuration has adverse effect on the conversion efficiency 
compared to the serial configuration during cooling process. If an intelligent controller 
applied to the DOC system, a serial configuration should be used under this condition.
- Serial siiDshatetenperatute 
Converter-2 sdbstrate tmerpature
Converter-1 siiostratetrrerpatire
■a— Serial THC conversion efficiency
■*— Parallel THC conversion efficiency




Parallel tine averagpd THC' 
conversion efficiency 49%
O 20 40 60 80 100
Time[s]
Figure 4.25 Simulation results for parallel flow investigation (Scenario I)
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For Scenario II, the simulation ended at the 50th second, and the simulation results are 
shown in Figure 4.26. This was a heating process with the same initial substrate 
temperatures of 200°C, and the initial gas temperature of 600°C. The final mean substrate 
temperature was 460°C and 230°C for Converter-1 and Converter-2, respectively, while 
the final mean substrate temperature was 345°C in serial configuration. Compared with 
serial configuration, the time averaged conversion efficiency enhanced significantly from 
26% to 43%. This is an example which parallel configuration leads to significant 
improvement in the conversion efficiency compared to the serial configuration, because 
the higher flow rate to Converter-1 leads to a much higher temperature which in turn 
increases the conversion efficiency of the whole system.
 Serial siiastratetmperature --------Converter-1 sdastrate taiapature
Cboverter-2sii3stratetnEjpahre — a— Serial TFIC ccxTversion efficiency 
-*— ParaM THC conversion efficiency
600 100%^ParaM time averaged THC 




F 200 -  20%
100 0%
0 10 20 30 40 50
Time[s]
Figure 4.26 Simulation results for parallel flow investigation (Scenario II)
86
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
For Scenario III, the simulation was stopped at the 20th second, and the simulation curves 
are shown in Figure 4.27 with the initial and final temperatures listed in Table 4.3. 
Although the improvement on the conversion efficiency was marginal from 82% to 89%, 
it showed the advantage of the parallel configuration during the cooling process. The 
increase in the efficiency was credited to the utilization of heat stored in Converter-1 
during the last process (e.g. Scenario II of this study) by allocating majority of the gas 
flow (90%) into it.
 Serial substrate torperalure  Converter-1 substrate trnapature
Converter-2 substrate tmapatue —a—  Serial THC conversion efficiency 
*— PlaraM THC conversion efficiency
ParaM tine averaged THC
500 cxativersion efficiency: 89%
450
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Time[s]
Figure 4.27 Simulation results for parallel flow investigation (Scenario III)
For Scenario IV, the simulation ended at the 20th second, and the simulation results are 
shown in Figure 4.28. Ninety percent of the flow was directed to Converter-1 that had a 
higher initial temperature. There was a significant improvement upon THC conversion 
efficiency achieved by sacrificing the efficiency of Converter-2, which had the lower
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initial temperature, but enhancing the efficiency of Converter-1 much more. The net 
result was an increase of efficiency from 63% of serial configuration to 79% of parallel 
configuration. In addition to a higher initial temperature in Converter-1, heat from the 
exhaust contributed to efficiency increase as well. Therefore, this is another example 
which parallel configuration has better conversion efficiency compared to the serial 
configuration. In other words, it was indicated that there is benefit to direct majority of 
the exhaust gas to a convert with higher temperature during a heating process under the 
assumption made in this study.
 Serial siiostrateterrpeiature --------Converter-1 sifcstratetrnapature
CtorRoter-2 siiDstratetrrerpoture —b— Serial THC conversicin efficiency 
-*— Parallel THC conversion efficiency
ParaM time averaged THC 
conversion efficiency: 79%
500
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Figure 4.28 Simulation results for parallel flow investigation (Scenario IV)
In summary, during a heating process, the advantage of a parallel can be realized by 
utilizing the heat from the exhaust gas. During a cooling process parallel flow had
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advantage only when the two converters had different initial temperatures. For both 
cooling/heating processes, the parallel configuration can lead to improved efficiency by 
1) adjusting the allocation of the gas flow rate to each converter, 2) controlling the 
volumes of the two converters, and 3) designing a conversion efficiency curve for new 
materials. From the above simulation results, it can be seen that different simulation time 
was chosen for each scenario; because the time averaged conversion efficiency is related 
with the time. All of the simulation times were determined by the most visible difference 
between the parallel and serial configuration. Such a determination was based on the 
current substrate temperature of both converters, and the incoming exhaust gas 
temperature, which could be demonstrated at any time point by using the developed 
dynamic thermal model. Moreover, by selecting the best parameters the modulated 
feature of the Simulink® model can be used for the DOC design with the best THC 
conversion efficiency.
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In this thesis, the dynamic thermal models for the DOCs were programmed with 
Simulink®, and the simulation results appear in agreement with theoretical solutions and 
reference experimental data.
For the conditions set in this study, the 1-D simulation model was superior over the 0-D 
model. Furthermore, 1-D approach made it possible to quantify the monolithic substrate 
temperature profile at different positions, when applying alternating parallel flow and 
periodic reversal flow.
The thermal response of DOCs was investigated for improving conversion efficiency. 
The simulation results indicated that using active flow strategies in the catalytic 
converters could improve the conversion efficiency of DOCs significantly. One of the 
active flow strategies investigated in this study was the periodic flow reversal. The 
simulation results illustrated the potential advantages of RFC. The RFC provides an 
example in which the process optimization plays a significant role for product design. 
Another active flow scheme studied was the alternating parallel flow. Applying 
alternating parallel flow in two converters can result in a noticeable improvement of the
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conversion efficiency. In order to reveal the benefit of parallel flow, an intelligent time 
scheme should be applied instead of periodical alternation.
Because Simulink® has the advantages of user-friendly and quick-response, the 
Simulink® thermal models developed in this study can be used as simulation tools to 
investigate a variety of thermal process in the DOC. The developed Simulink® models 
can be also utilized as simulation tools for similar studies, for example, the thermal 
process in the diesel particulate filter (DPF) or LNT. The developed models could be 
promising to automotive after-treatment researches, by reducing testing time and cost in 
the thermal management investigations.
5.2 Recommendations
Future studies should include the chemical reactions in the DOCs thermal process 
investigations because heat release by chemical reactions can significantly affect the 
thermal loading of the monolith. Because of the modulated feature of Simulink®, 
chemical reaction models can be easily combined with the thermal models presented here 
for a more comprehensive analysis.
From the simulation results presented in this thesis, active flow in the diesel exhaust 
system might lead to improvement of the conversion efficiency in DOCs, thus, the 
reduction of diesel emissions. In order to further develop the active after-treatment 
strategy, Simulink® could be used to program independent controller models in the diesel 
exhaust system in the future as well.
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